To determine the stability of ␤-amyloid peptide (A␤) and the glial and neuronal changes induced by A␤ in the CNS in vivo, we made single injections of fibrillar A␤ (fA␤), soluble A␤ (sA␤), or vehicle into the rat striatum. Injected fA␤ is stable in vivo for at least 30 d after injection, whereas sA␤ is primarily cleared within 1 d. After injection of fA␤, microglia phagocytize fA␤ aggregates, whereas nearby astrocytes form a virtual wall between fA␤-containing microglia and the surrounding neuropil. Similar glial changes are not observed after sA␤ injection. Microglia and astrocytes near the injected fA␤ show a significant increase in inducible nitric oxide synthase (iNOS) expression compared with that seen with sA␤ or vehicle injection. Injection of fA␤ but not sA␤ or vehicle induces a significant loss of parvalbuminand neuronal nitric oxide synthase-immunoreactive neurons, whereas the number of calbindin-immunoreactive neurons remains unchanged. These data demonstrate that fA␤ is remarkably stable in the CNS in vivo and suggest that fA␤ neurotoxicity is mediated in large part by factors released from activated microglia and astrocytes, as opposed to direct interaction between A␤ fibrils and neurons.
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Alzheimer's disease (AD) is a neurodegenerative disease characterized by progressive memory loss and dementia. The pathological hallmarks of AD are extracellular plaques containing ␤-amyloid (A␤), dystrophic neurites, activated microglia, reactive astrocytes, and neuronal loss (Selkoe, 1991) . Several lines of evidence suggest that A␤ is directly involved in the neuropathology observed in AD. A␤ deposition is an invariant feature of AD, and there is a strong correlation between amyloid burden at death and the degree of dementia in life (Selkoe, 1994; Cummings and Cotman, 1995) . Most importantly, several genetically heritable forms of AD are tightly linked to mutations of the amyloid precursor protein gene on chromosome 21 (Goate et al., 1991) , which cause an increase in A␤ production (C itron et al., 1992) . Heritable forms of AD linked to mutations on chromosomes 14 and 1 also seem to alter A␤ processing (Scheuner et al., 1996; Selkoe, 1997) .
A␤ is a 39 -43-amino-acid hydrophobic peptide encoded by the gene for the much larger amyloid precursor protein (Glenner and Wong, 1984; Kang et al., 1987) . A␤ is constitutively produced in cells, and soluble A␤ (sA␤) is present at similar concentrations (10 Ϫ9 M) in normal and AD CSF, indicating that A␤ is a natural rather than a pathogenic product Shoji et al., 1992; Busciglio et al., 1993; van Gool et al., 1995) . Several studies have shown that sA␤ will spontaneously form insoluble aggregates at high concentrations (10 Ϫ3 to 10 Ϫ5 M) and that the presence of other factors, such as metals, proteoglycans, or apoliopoprotein E4, can influence A␤ aggregation (Fraser et al., 1992; Mantyh et al., 1993; Bush et al., 1994; Ma et al., 1994; Sanan et al., 1994; Wisniewski et al., 1994; Evans et al., 1995; Esler et al., 1996) . Conversion of sA␤ to insoluble, fibrillar A␤ (fA␤), an A␤ conformation similar to that found in the AD brain, has been reported to increase greatly A␤ toxicity in neuronal cultures (Pike et al., 1991a (Pike et al., ,b, 1993 (Pike et al., , 1995 Mattson et al., 1992) . However, other studies have reported that sA␤ at concentrations near that found in human CNS (10 Ϫ9 M) has marked neurotoxic and/or neuroprotective effects on neurons in vitro (Koh et al., 1990; Yankner et al., 1990; Harrigan et al., 1995; Kelly et al., 1996) . Although much of the above data suggest that A␤ is neurotoxic in vitro, substantial uncertainty remains as to the form of A␤ that is neurotoxic in vivo, the long-term stability of A␤, and the mechanism(s) via which A␤ may induce neurotoxicity in vivo.
In the present study, we use microglia, astrocyte, and neuronal markers to study the glial and neuronal changes induced by soluble and fibrillar forms of A␤ in the CNS in vivo. The use of microglia and astrocyte markers allows us to address the question of direct versus indirect toxicity of A␤ and to determine whether microglia and astrocytes are differentially involved in the CNS response to A␤. We chose the striatum as the C NS area in which to examine the effects of A␤, because this forebrain area is affected in AD (Selden et al., 1994) , is a relatively homogeneous brain area that allows quantification of A␤-induced cellular changes, and has well defined neuronal subpopulations that are readily quantifiable using immunohistochemical methods (Kawaguchi et al., 1995) . In the present study, we have also used confocal microscopy, because this imaging technique allows us to visualize simultaneously several fluorescent markers while providing unequivocal single-cell and intracellular resolution of the changes that A␤ induces in the C NS.
MATERIALS AND METHODS
Preparation and characterization of fibrillar and soluble A␤. A␤1-40, synthesized by fluorenylmethoxycarbonyl chemistry and purified to near homogeneity (Ͼ98%), was obtained (Quality Control Biochemicals, Hopkinton, M A) and stored lyophilized at Ϫ20°C. Peptides used to produce fA␤ and sA␤ were characterized by reverse phase (RP)-HPLC, laser desorption mass spectroscopy (LD-MS), amino acid analysis (Benson et al., 1981) , and size exclusion fast-protein liquid chromatography (SE-FPLC) (Soreghan et al., 1994) . Fibrillar A␤ was prepared from solutions of 10 Ϫ4 M A␤ in filtered PBS (10.0 mM NaH 2 PO 4 /Na 2 HPO 4 and 100.0 mM NaC l, pH 7.5). Peptide solutions were initially clear, with no evidence of flocculation or incomplete dissolution; visible precipitate appeared only after extended agitation. The fresh A␤ solution was allowed to incubate under vigorous agitation (Teflon-coated stir bar at 800 rpm) (Jarrett and Lansbury, 1992; Jarrett et al., , 1994 Evans et al., 1995) at 23°C for 26 -36 hr. After this incubation, the A␤ solution was distinctly turbid, and Ͼ80% of the peptide could be sedimented by centrif ugation (15,000 ϫ g; 10 min). The fA␤ solution was aliquoted (100 l per vial), frozen on dry ice, and stored at Ϫ20°C until use.
To better characterize the fA␤ assembly reaction, we performed time course experiments in triplicate with mixtures of 125 I-A␤ and unlabeled A␤ in microcentrif uge tubes (Evans et al., 1995) under conditions similar to those described above. At each time point, a 15 l aliquot was taken from each tube and centrif uged (15,000 ϫ g; 10 min), and the amount of 125 I-A␤ in each of two 3 l aliquots of the resulting supernatants was quantified using a gamma counter. Fibrillar A␤ assembly followed a distinctly nonlinear time course with a lag time, indicative of a nucleation-dependent aggregation process . Fibrillar A␤ from the preparative procedure described above was characterized by thioflavin S, Congo red, and anti-A␤ immunohistochemical staining and then was examined for size distribution using light-field or fluorescence microscopy and image analysis. Individual fA␤ aggregates had a median diameter of 12.3 m, which compares favorably with the diameter of plaque cores (5-30 m) purified from human AD brain . Like amyloid plaques found in the AD brain, fA␤ prepared in this manner displays typical Congo red birefringence under polarized light and is thioflavin S-positive, establishing that A␤ prepared in this manner has a fibrillar morphology (K irschner et al., 1986 Evans et al., 1995) . Additionally, fA␤ prepared in this manner serves as a template for A␤ deposition in vitro in a manner similar to A␤ deposition onto authentic AD tissue amyloid (Esler et al., 1997) . Preparations of A␤ not deliberately aggregated (sA␤) did not display Congo red birefringence or thioflavin S staining.
Fibrillar A␤ prelabeled with thioflavin S was prepared from unlabeled fA␤ described above. Aliquots were thawed, centrif uged (15,000 ϫ g; 10 min), resuspended in 100 l of thioflavin S solution (1% in distilled water; Sigma, St. L ouis, MO), and allowed to incubate overnight on a shaking platform at 23°C. The solution was then centrif uged as described above, and the fA␤ was resuspended and washed twice in 70% ethanol to remove excess dye. This thioflavin S-labeled fA␤ was then prepared for injection by resuspending, after the second ethanol wash, in sterile artificial C SF (aC SF; 128.6 mM NaC l, 2.6 mM KC l, 2.0 mM MgC l 2 , and 1.4 mM CaCl 2 , pH 7.4) to a total A␤ concentration of 10 Ϫ4 M. Unlabeled fA␤ was prepared for injection by pelleting the unstained fA␤ as described above and resuspending in sterile aC SF at an fA␤ concentration of 10 Ϫ4 M. Soluble A␤ solution was prepared by dissolving A␤ (Quality Control Biochemicals) in sterile water to a concentration of 10 Ϫ4 M and was stored at Ϫ20°C in 100 l aliquots until injection. No evidence of A␤ aggregation was observed in the sA␤ aliquots before or during the injection process.
Injection of A␤ and preparation of brain tissue. Sprague Dawley rats (male; 200 -250 gm; Harlan Sprague Dawley, Indianapolis, I N) were deeply anesthetized with sodium pentobarbital (60 mg / kg; Abbott Labs, Irving, TX) and then mounted in a small-animal stereotaxic instrument. The fA␤ solution (10 l) was injected stereotaxically into the striatum (anterior, 0.5 mm; lateral, 3.0 mm; and ventral, 6.5 mm) using a 26 gauge needle (Fig. 1 A) . Stereotaxic coordinates were measured from bregma (Paxinos and Watson, 1986 ). Injections of vehicle or 10 Ϫ4 M sA␤ (10 l) were made into the contralateral striatum. Each 10 l injection of fA␤ contained ϳ2400 individual aggregates.
Seventy-five animals were used in the present study. Injections of either unlabeled or thioflavin S-prelabeled fA␤ were made into the striatum, with injections into the contralateral striatum of either sA␤ or vehicle (aC SF or sterile water). The effects of fA␤, sA␤, and vehicle injections were analyzed 1, 7, 14, and 30 d after injection (n Ն 3 for each treatment group). None of the animals used in the above experimental procedures showed signs of infection in the injection area before killing or after histological examination. Animals were group-housed with food and water available ad libitum in an American Association for Accreditation of Laboratory Animal C are-approved animal research facility. After the appropriate survival time, rats were killed by C O 2 asphy xiation and then rapidly perf used through the ascending aorta with 200 ml of PBS (3.0 mM Na 2 HPO 4 , 0.9 mM KH 2 PO 4 , and 154.0 mM NaC l, pH 7.4; 23°C) followed by 500 ml of PBS containing 4% formaldehyde (Sigma, 4°C). After perf usion, the brain was removed, blocked in the transverse plane, post-fixed in 4% formaldehyde (4°C; 1 d), and then placed in a 30% sucrose solution (4°C; 1 d). The brains were then serially sectioned at 20 m using a cryostat microtome (Model OTF/AS; Bright Instrument Co.) and collected in PBS.
Immunohistochemical e xamination of A␤, glia, and neuronal mark ers. Immunohistochemical identification of A␤ was performed by washing sections in Tris-buffered saline (TBS; 140 mM NaC l, 2.7 mM KC l, and 24.8 mM Tris base, pH 7.4) for 20 min and then in ethanol /distilled water (1:1) for 10 min. Sections were washed three times for 10 min each in TBS, washed in blocking solution containing TBS and 10% normal goat serum (NGS) for 30 min, and then incubated overnight at 23°C in TBS containing 1% NGS and polyclonal anti-A␤ (R1282; 1:1500; a kind gift from Dr. D. Selkoe) raised against uncoupled synthetic A␤1-40 . Sections were washed three times for 10 min each in TBS and then incubated 1 hr at 23°C in TBS containing 1% NGS and biotinylated donkey anti-rabbit IgG (1:500; Jackson ImmunoResearch, West Grove, PA). Sections were washed three times for 10 min each in TBS and then incubated 45 min at 23°C in TBS containing 1% NGS and fluorescein (FI TC)-conjugated avidin (1:200; Jackson ImmunoResearch). Sections were washed three times for 10 min each in TBS, then mounted by floating onto gelatin-coated slides, and coverslipped using PBS/glycerol (1:1).
Immunohistochemical identification of microglia was performed by washing sections in blocking solution containing PBS and 1% NGS for 30 min and then incubating overnight at 23°C in PBS containing 1% NGS and monoclonal anti-CD11b equivalent (OX-42; 1:10; Serotec, Indianapolis, I N). OX-42 is specific for the C3b i complement protein receptor that is expressed in the C NS primarily, if not exclusively, by microglia. Sections were washed three times for 10 min each in PBS and then incubated 3 hr at 23°C in PBS containing 1% NGS and cyanine 3.18 (C y3)-conjugated donkey anti-mouse IgG (1:600; Jackson ImmunoResearch). Sections were washed three times for 10 min each in PBS and then mounted and coverslipped as described above.
Immunohistochemical identification of astrocytes was performed by washing sections in blocking solution containing PBS, 1% NGS, and 0.3% Triton X-100 (Sigma) for 30 min and then incubating overnight at 23°C in PBS containing 1% NGS, 0.3% Triton X-100, and either monoclonal or polyclonal anti-glial fibrillary acidic protein (GFAP; 1:400; Sigma). Sections were washed three times for 10 min each in PBS and then incubated 3 hr at 23°C in PBS containing 1% NGS, 0.3% Triton X-100, and cyanine 5.18 (C y5)-, C y3-, or FI TC -conjugated donkey anti-mouse or anti-rabbit IgG (Jackson ImmunoResearch) at concentrations of 1:600 (C y3), 1:450 (C y5), or 1:150 (FI TC). Sections were washed three times for 10 min each in PBS and then mounted and coverslipped as described above.
Immunohistochemical identification of inducible nitric oxide synthase (iNOS) was performed by washing sections in blocking solution containing PBS and 10% bovine serum albumin (BSA; Sigma) for 1 hr and then incubating overnight at 4°C in PBS containing 10% BSA and polyclonal anti-iNOS (1:200; Biomol, Plymouth Meeting, PA), which is specific for the iNOS 130 kDa protein with no advertised cross-reactivity to endothelial nitric oxide synthase or neuronal nitric oxide synthase (nNOS). Cross-reactivity of the iNOS antibody was not tested in this study. Sections were washed three times for 10 min each in PBS and then incubated 3 hr at 23°C in PBS containing 10% BSA and C y3-conjugated donkey anti-rabbit IgG (1:600; Jackson ImmunoResearch). Sections were washed three times for 10 min each in PBS and then mounted and coverslipped as described above.
Immunohistochemical examination of parvalbumin, nNOS, and calbindin neurons were performed by washing sections in blocking solution containing PBS, 1% NGS, and 0.3% Triton X-100 (Sigma) for 30 min and then incubating overnight at 23°C in PBS containing 1% NGS, 0.3% Triton X-100, and either monoclonal anti-parvalbumin (1:1000; Sigma), polyclonal anti-nNOS (1:500; Chemicon, Temecula, CA), or monoclonal anti-calbindin (1:300; Sigma). Sections were washed three times for 10 min each in PBS and then incubated 3 hr at 23°C in PBS containing 1% NGS, 0.3% Triton X-100, and C y3-conjugated donkey anti-mouse or anti-rabbit IgG (1:600; Jackson ImmunoResearch). Sections were washed three times for 10 min each in PBS and then mounted and coverslipped as described above.
Image anal ysis. Size characterization of fA␤ was done using a Leitz Orthoplan II microscope equipped for epifluorescence (Leitz, Wetzlar, Germany). Fibrillar A␤ was labeled with thioflavin S as described above; then 10 l of this solution was placed on a microscope slide, coverslipped, and visualized under fluorescence. The size distribution of 120 randomly selected fA␤ aggregates was analyzed using the National Institutes of Health Image version 1.51 software program (National Institutes of Health, Bethesda, MD).
Immunofluorescence in brain tissue was examined using a MRC -1024 Confocal Imaging System equipped with a krypton /argon ion laser (Bio-Rad, Hercules, CA) in conjunction with an Olympus BX-75 microscope equipped for epifluorescence (Olympus Immunochemicals, Lake Success, N Y). Labeled sections were imaged using filters appropriate for the specific visualization of fluorescein, cyanine 3.18, and cyanine 5.18 (Brelje et al., 1993; Kennedy et al., 1994) . Images were acquired using two different methods. The first method involved collecting multiple scans of optical sections (z-series) that were acquired at 1.0 m intervals. The second method involved collecting multiple scans of a single optical section using the Kalman imaging program, which allowed collection of low power confocal images while conserving the intensity and resolution of the original tissue staining. The optical sections were then projected into single images using image-processing software provided with the confocal system (Bio-Rad).
The total number of OX-42-immunoreactive microglia in fA␤, sA␤, or vehicle injection tracks was counted using confocal microscopy by optical sectioning (2.0 m confocal z-series) in 200 ϫ 300 m grids (0.06 mm 2 ). A, A confocal photomicrograph shows the location of fA␤ injection into the rat striatum. The fA␤ shown here (arrow) was prelabeled with thioflavin S before injection anterior 0.5 mm, lateral 3.0 mm, and ventral 6.5 mm relative to bregma (Paxinos and Watson, 1986) . The image was constructed from six optical sections acquired at 1.0 m intervals using a 4ϫ lens. B-G, Fluorescent confocal images of injected fA␤ in the striatum show that fA␤ is stable in vivo. B-D, Injected fA␤ is identified in tissue by labeling with anti-A␤. E-G, Injected fA␤ prelabeled with thioflavin S is also readily observable in the striatum. Note that, although variability in the shape of the injection site is evident in the images, there is little decrease in the total amount of injected fA␤ present over time. Also, no significant decrease in thioflavin S fluorescence is observed over time, suggesting injected fA␤ monomers are not being replaced with endogenous rat A␤. Images were projected from six optical sections acquired at 1.0 m intervals using a 10ϫ lens. Scale bars: A, 1.0 mm; B-G, 75 m.
Astrogliosis and iNOS expression were quantified using confocal microscopy by measuring the total GFAP or iNOS immunofluorescence over a similarly defined area. Data units for total immunofluorescence calculations are in gray scale pixel values, ranging from 0 (dark) to 255 (saturation level). Because individual astrocytes grouped closely together in the injection were impossible to count accurately, it was necessary to quantif y astrocytes (GFAP) and iNOS expression using total fluorescence. To determine whether microglia or astrocytes in the injection site contained phagocytized fA␤ or sA␤, we imaged A␤ and OX-42 immunofluorescence from the same tissue section simultaneously. The four experimental time points were compared by averaging the percentage of total glia in the measured area (defined above) that contained phagocytized A␤. T wenty-four animals were used for this analysis (n ϭ 3 animals per treatment group at each time point; seven sections analyzed per animal). The average number of microglia in each confocal gridded section at 1, 7, 14, and 30 d after injection was 20, 57, 73, and 75 (fA␤) and 20, 61, 33, and 15 (sA␤) . Images of iNOS immunofluorescence with OX-42 or GFAP immunofluorescence were created using pairs of confocal images (iNOS ϩ OX-42 and iNOS ϩ GFAP) from the same tissue section. The pairs of images were imported using the National Institutes of Health Image version 1.51 software program, and the area of colocalization was computed by finding the regions of maximum signal overlap between the two images. To determine the percentage of microglia or astrocytes that express iNOS in the fA␤ injection area, we counted iNOS-immunoreactive microglia or astrocytes using the confocal imaging system (area defined above).
To quantif y neurons in and surrounding the defined fA␤ and sA␤ injection areas, we imaged GFAP immunofluorescence (marking the astrogliosis surrounding the fA␤ and sA␤ needle tracks) and parvalbumin, nNOS, or calbindin immunofluorescence on the same tissue sections simultaneously. Using a gridded eyepiece on a Leitz Orthoplan II microscope, we counted neurons in bins of increasing distance on both sides of the needle track at 10ϫ magnification. The bins measured 0 -125, 126 -250, and 251-375 m outward (medial and lateral) from the margin of the GFAP-immunoreactive astrogliosis. Fifteen animals, with fA␤ and sA␤ injected contralaterally, were used for this analysis (total number of sections ϭ 55; total neurons counted within defined area, 862 [nNOS], 823 [parvalbumin] , and 1529 [calbindin] ). The total area of quantification was the same for each section.
Statistical anal ysis. All data are expressed as mean Ϯ SEM. One-way ANOVA was performed using the StatView statistical software program (Abacus Concepts, C alabasas, CA).
RESULTS

Stability of fibrillar and soluble A␤
In the normal (noninjected) striatum or after injection of vehicle alone, no A␤ immunofluorescence, Congo red birefringence, or thioflavin S staining is observed at any time point. After injection of sA␤, A␤ immunofluorescence is only faintly visible and, when present, is almost invariably observed inside microglia immediately around the needle track at 1, 7, 14, and 30 d. At 1 d after sA␤ injection, 9% of microglia within 150 m of the needle track contain anti-A␤-immunoreactive material. By 30 d after injection, the percentage of microglia in the same area containing A␤-immunoreactive material increases to 19% (Fig. 2) , but no difference in total A␤ immunofluorescence in the area surrounding the injection site is observed at any time point (data not shown). The A␤-immunoreactive material detectable in microglia after sA␤ injection does not display Congo red birefringence or thioflavin S staining at any time point, suggesting that this A␤ is present in a nonfibrillar form.
After injection of fA␤ or of fA␤ prelabeled with thioflavin S into the striatum, intense A␤ immunoreactivity or thioflavin S fluorescence, respectively, is present at 1, 7, and 14 d after injection. Although the shape of the individual fA␤ injection sites varied slightly between animals, no significant decrease in the quantity of fA␤ in the striatum is observed at these time points, as measured by A␤ immunofluorescence or thioflavin S fluorescence. Also, no decrease in thioflavin S fluorescence is observed, suggesting that the injected human fA␤ remains stable in vivo and is not exchanged for endogenous rat A␤ monomers at these time points (Fig. 1 B-G) . The fA␤ remains stable and detectable within the striatum up to at least 30 d after injection (Fig. 3) and displays typical Congo red birefringence under polarized light at all time points (data not shown). Although the overall quantity of fA␤ does not appear to decrease significantly after injection, there is a clear increase in the percentage of total fA␤ that is phagocytized and concentrated within microglia over time. At 1 d after injection, the majority of fA␤ remains in the extracellular space (Fig. 3A) , although a significant minority of microglia (38%) within 150 m of the needle track already contain phagocytized fA␤ at this time point (Fig. 2) . With increasing time after injection, nearly all of the injected fA␤ is phagocytized and concentrated within microglia (Fig. 3B,C) . By 30 d after injection, 93% of microglia within 150 m of the needle track contain phagocytized fA␤ (Fig. 2) .
Glial responses to injections of fibrillar A␤, soluble A␤, or vehicle
In the normal striatum, both microglia and astrocytes display a characteristic resting morphology. Microglia detectable using OX-42 immunoreactivity are evenly distributed throughout the striatum and possess long, thin, highly ramified processes connected to a cell body that has little observable cytoplasm (Barron, 1995) . Astrocytes in the normal striatum that are GFAPimmunoreactive are also relatively evenly distributed, possessing a morphology characterized by a distinctly stellate-shaped cell body with little observable cytoplasm and long, thin radially extending processes (Eddleston and Mucke, 1993) .
At 1 d after injection of vehicle alone, a large percentage of microglia surrounding the needle track have an activated morphology, characterized by short, thickened processes and marked cytoplasmic swelling (Barron, 1995) . A gradient of microglial activation is observed at this time point, because nearly all microglia within 100 m of the needle track assume this activated morphology, whereas microglia that are Ͼ150 m from the needle track display a resting morphology similar to that observed in the normal striatum. At 7 d after injection, nearly all microglia observed up to 300 m from the needle track possess an activated morphology. At the 14 and 30 d time points, the area showing microglial activation is significantly decreased, so that by 30 d after injection, only a thin line of activated microglia marking the needle track remain in the vehicle-injected striatum (Fig. 4 A) . This change in microglial morphology is mirrored by a change in the total number of microglia surrounding the needle track, which peaks at 7 d after injection and is followed by a gradual decline at days 14 and 30 (Fig. 5A ). No differences in microglial morphology or number are observed at any time point when comparing vehicle injections of aCSF and sterile water. Injection of vehicle alone also induces changes in the morphology and GFAP immunofluorescence of astrocytes surrounding the needle track. Astrocytes undergo a swelling of processes and show an increase in GFAP immunofluorescence, indicative of activation (Eddleston and Mucke, 1993; O'Callaghan et al., 1995) . Evidence of astrocyte activation is faintly observable at 1 d after injection and is clearly evident at days 7 and 14. At 30 d after injection, this astrocyte activation decreases so that only a thin line of activated astrocytes marking the needle track remain in the vehicle-injected striatum (Fig. 4C ). This change in astrocyte morphology is mirrored by a change in GFAP immunofluorescence, which peaks at Figure 3 . Fluorescent confocal images show that microglia actively phagocytize injected fA␤, whereas astrocytes wall-off fA␤-containing microglia from the surrounding neuropil. A-C, fA␤ prelabeled with thioflavin S appears red, and microglia labeled with anti-CD11b (OX-42) appear yellow. A, At 1 d after injection, activated microglia, characterized by short, thickened processes and marked cytoplasmic swelling, are observed surrounding injected fA␤. Note that some of these microglia are associated with injected fA␤ along the outer margins of the needle track. B, C, At 30 d after injection, fA␤ is not cleared from the site of injection but rather is contained almost exclusively within microglia in the needle track. D-F, fA␤ prelabeled with thioflavin S appears red, and astrocytes labeled with anti-GFAP appear yellow. D, At 1 d after injection, no significant astrogliosis is observed surrounding injected fA␤. E, F, In contrast, a marked astrogliosis, characterized by activated astrocytes with swollen processes and increased GFAP immunofluorescence, is observed at 30 d after injection. Astrocytes are shown walling-off fA␤-containing microglia from surrounding tissue. Images of fA␤ and microglia or astrocytes were taken from the same double-labeled tissue sections. Images were projected from 12 optical sections acquired at 1.0 m intervals using a 10ϫ or 40ϫ lens. Scale bars: A, B, D, E, 50 m; C, F, 10 m. 14 d after injection and is followed by a marked decline at day 30 (Fig. 5B) . No differences in astrocyte morphology or GFAP fluorescence are observed at any time point when comparing vehicle injections of aCSF and sterile water.
Striatal injection of sA␤ induces microglial and astrocyte changes that are nearly indistinguishable from those observed after injection of vehicle alone. However, one significant difference between the injection of sA␤ and vehicle is that although vehicle injection alone never induces any detectable accumulation of A␤, injection of sA␤ results in accumulation of anti-A␤ immunoreactivity in ϳ10 -20% of microglia in the needle track at the time points examined (Fig. 2) . Those microglia that contain A␤ immunoreactivity invariably have an activated morphology and maintain this morphology up to at least 30 d after injection. Even with the presence of microglia containing A␤ immunoreactivity after sA␤ injection, only a thin line of activated microglia and astrocytes, similar in appearance to the vehicle-injected striatum, remain at 30 d after sA␤ injection (Fig. 4 B,D) . Neither the number of microglia nor the GFAP immunofluorescence surrounding the needle track differs significantly at any time point when comparing sA␤ with vehicle injection (Fig. 5A,B) .
Injection of fA␤ induces several changes in microglia and astrocytes that are significantly different from those observed after injection of either vehicle or sA␤. The earliest difference observed when comparing fA␤ and sA␤ injection sites is in the percentage of microglia that contain A␤ immunoreactivity. At 1 d after injection of fA␤, 38% of microglia within 150 m of the needle track contain phagocytized fA␤. The percentage of microglia containing fA␤ continues to rise until day 30, at which point 93% of microglia in the same area contain detectable concentrations of A␤ immunoreactivity (Figs. 2, 3) . At all time points examined, microglia that contain fA␤ invariably have an activated morphology. No significant increase in astrocyte activation is observed at 1 d after fA␤ injection (Fig. 3D) . However, at 30 d after injection, a marked astrogliosis, characterized by activated astrocytes with swollen processes and increased GFAP immunofluorescence, is observed in the fA␤ injection area. A virtual wall of activated, GFAP-immunoreactive astrocytes is observed surrounding the fA␤-containing microglia at 30 d after injection (Fig. 3E,F ) . Although changes in the number of microglia and in the GFAP immunofluorescence induced by injection of fA␤ may initially be masked by changes induced by the damage associated with needle placement alone, there are significantly greater numbers of microglia within 150 m of the needle track after fA␤ compared with sA␤ or vehicle injection at days 14 and 30 (Fig. 5A) . Similarly, there is a significantly greater concentration of GFAP immunofluorescence within 150 m of the needle track after fA␤ compared with sA␤ or vehicle injection at day 30 (Fig. 5B) .
Fibrillar A␤ induces iNOS expression in microglia and astrocytes
In the normal striatum, Ͻ20% of the microglia and Ͻ5% of astrocytes display iNOS immunoreactivity, and those microglia and astrocytes that do express iNOS do so at low levels. Within 150 m of the needle track, there is a significant increase in iNOS immunofluorescence above those levels observed in the normal striatum at 30 d after vehicle (64% increase) or sA␤ (75% increase) injection, but this difference between vehicle and sA␤ injection did not reach statistical significance (data not shown). Those microglia and astrocytes that express iNOS at 30 d after vehicle or sA␤ injection seem to be from the same small population of microglia and astrocytes that remain activated and mark the thin line of the needle track. No increase in iNOS immunofluorescence above the level in the normal striatum is observed in tissue areas outside of the vehicle or sA␤ needle tracks.
Compared with that in the normal striatum, iNOS immunofluorescence is 121% higher within 150 m of the needle track at 30 d after fA␤ injection. Injection of fA␤ also promotes an increase in iNOS expression that significantly exceeds the iNOS expression observed after vehicle or sA␤ injection (data not shown). Simultaneous imaging of iNOS and OX-42 or GFAP immunofluorescence on the same tissue sections confirms that fA␤ induces iNOS expression in both microglia and astrocytes (Fig. 6) . At 30 d after injection, nearly 100% of microglia that contain phagocytized fA␤ are also iNOS-immunoreactive. Similarly, nearly 100% of astrocytes within 100 m of microglia Images used for microglia counts and GFAP immunofluorescence measurements were Kalman averages of a single optical section acquired using a 10ϫ lens (*fA␤ vs sA␤ or vehicle, both p Ͻ 0.05). Figure 6 . iNOS expression by microglia and astrocytes is increased 30 d after fA␤ injection. A, B, D, E, Tissue sections were labeled with antiiNOS and with either OX-42 or anti-GFAP. C, F, Using the National Institutes of Health Image 1.51 software program, we merged iNOS and OX-42 or GFAP images, and the area of maximum signal overlap between the images was computed to show immunofluorescence colocalization. Note that microglia in the fA␤ injection area, which were shown in Figure 3 to contain fA␤, also express iNOS at 30 d after injection, whereas most microglia outside the injection area do not. Also note that only those astrocytes forming a virtual wall around the injected area, within 100 m of the A␤-containing microglia, express high levels of iNOS. The iNOS, OX-42, and GFAP images were taken from the same double-labeled tissue sections and are Kalman averages of a single optical section acquired using a 10ϫ lens. Scale bar, 50 m.
containing A␤ are iNOS-immunoreactive. Outside of this area, iNOS expression closely resembles that of the normal striatum described above.
Fibrillar A␤-induced loss of specific neuronal populations
To determine the effects of fA␤ and sA␤ injections on striatal neurons, we labeled a population of projection neurons using anti-calbindin and two distinct populations of interneurons using anti-parvalbumin and anti-nNOS. Spiny projection neurons represent ϳ90% of total neurons in the striatum, and aspiny interneurons represent ϳ10%. C albindin labels nearly all projection neurons, whereas among interneurons, parvalbumin labels 40 -50%, and nNOS labels 10 -20% (Kawaguchi et al., 1995) . These three antibodies label distinct subpopulations of neurons, with only a small percentage of interneurons showing colocalization of calbindin and nNOS immunoreactivity (Bennett and Bolam, 1993) . The numbers of parvalbumin-, nNOS-, and calbindinimmunoreactive neurons were compared in tissue areas surrounding injected fA␤ and sA␤ at 30 d after injection and in the normal (noninjected) striatum (Figs. 7, 8) . Compared with levels in both the sA␤ injection area and the normal striatum, a significant decrease in the number of parvalbumin-immunoreactive neurons is observed in the areas 0 -125 m (51% reduction) and 126 -250 m (24% reduction) from the margin of the astrogliosis surrounding the injected fA␤ (Figs. 7, 8) . Similarly, fA␤ induces a significant decrease in nNOS-immunoreactive neurons in the area 0 -125 m from the margin of the injection track compared with both the sA␤ injection area and the normal striatum (46% reduction). In contrast, no significant decrease in the number of calbindin-immunoreactive neurons is observed in tissue areas surrounding fA␤ or sA␤ injection compared with the normal striatum (Fig. 8) .
DISCUSSION
Stability of fibrillar A␤ in the rat CNS in vivo
In the present study, injected fA␤ is remarkably stable in the rat CNS in vivo, contrasting with previous reports that noted an apparent lack of A␤ stability after injection or inf usion. An early review of AD animal models (Price et al., 1992) reported that sA␤ or its fragments injected into various brain regions were either neurotoxic, nontoxic, or neurotrophic depending on the aggregation state of the peptide. One consistent feature of these studies, however, was the difficulty encountered in visualizing A␤ after injection of sA␤. In the present study, sA␤ was not stable in vivo, appearing to be cleared rapidly from the site of injection. Rapid clearance of sA␤ may also explain the inability to visualize injected A␤ in the previous studies.
Aggregates of injected fA␤, which are of comparable size to AD plaque cores found in the human brain, are highly stable in the present study. The stability of fA␤ contrasts with a previous study that showed that human AD plaque cores injected into the rat brain were cleared by microglia from their site of injection within 30 d (Frautschy et al., 1992) . This difference in stability between fA␤ and AD plaque cores may be explained in part by the presence of a variety of extracellular, non-A␤ components in the plaque cores obtained from humans. For example, complement proteins C1q, C4d, and C3d, which help facilitate phagocytosis of foreign material by macrophages and microglia, are bound to A␤ in AD plaques . The presence of these proteins and other non-A␤ components in the injected plaque cores may explain their rapid clearance from the rat brain in the previous study. In contrast, injected fA␤ aggregates that remain stable in the rat striatum up to 30 d after injection are composed of synthetic A␤ without any non-A␤ components.
Injection of fibrillar A␤ induces a differential response in microglia and astrocytes
In the present study, fA␤ of a known quantity, size range, and fibrillar character was injected into one striatum, with injections of sA␤ or vehicle made into the contralateral striatum. Using this model system, we demonstrate that fA␤ alone is sufficient to induce a marked gliosis and iNOS induction in microglia and astrocytes in the rat brain in vivo. Although it cannot be excluded that, once in the brain, A␤ may be interacting with other endogenous, plaque-associated components to exert its effects, our results demonstrate that injection of synthetic fA␤ alone is sufficient to cause an increase in iNOS expression and to induce a marked gliosis similar to that observed in the human AD brain (Itagaki et al., 1989; Uchihara et al., 1995) . Previous reports have suggested that iNOS expression may serve as an index of reactive gliosis (Murphy et al., 1993; Brosnan et al., 1994) ; thus, the present results strongly suggest that injection of fA␤ activates both microglia and astrocytes. One surprising observation in the present study is a low level of iNOS immunoreactivity present in a small minority of microglia and astrocytes in the normal (noninjected) striatum. A recent study (Wong et al., 1996) reported no detectable iNOS gene expression in the normal (noninduced) rat brain. The low level of iNOS immunoreactivity in the normal striatum may be caused by slight cross-reactivity between the iNOS antibody and other agents in the striatum.
In contrast to injections of fA␤, contralateral injection of sA␤ produces no significant increase in gliosis and iNOS expression above that observed for injection of vehicle alone. One reason for the lack of sA␤-induced gliosis may be that sA␤ is rapidly cleared from brain parenchyma, suggested here by the fact that 30 d after sA␤ injection, A␤ immunofluorescence is only detected in a minority of microglia surrounding the needle track. The total amount of A␤ present within these microglia is a small fraction of the total sA␤ originally injected. Furthermore, the A␤ present in microglia is neither Congo red-birefringent nor thioflavin S-positive, suggesting that it is not in a fibrillar form. Together, these results suggest that although sA␤ may be neurotoxic in vitro, in the rat CNS in vivo, injected sA␤ is cleared rapidly and does not induce a sustained glial response that characterizes acute and subchronic neurotoxicity (Gramsbergen and van den Berg, 1994; O'Callaghan et al., 1995) .
Although both microglia and astrocytes show a dramatic upregulation of iNOS expression in response to injection of fA␤, there are marked spatial and morphological differences in the microglia and astrocyte responses to fA␤. Whereas microglia surround and phagocytize fA␤, astrocytes show no evidence of A␤ phagocytosis but rather form a virtual wall between microglia containing fA␤ and the surrounding neurons. Previous studies of human AD tissue (Itagaki et al., 1989; Uchihara et al., 1995) and the brains of mice overexpressing a mutant APP gene (Games et al., 1995) have also noted that reactive microglia are concentrated toward the center of AD plaques, whereas reactive astrocytes are present at the margins of plaques. Microglia containing intracellular A␤ have been noted in AD brain (Akiyama et al., 1996) , but these microglia lack detectable mRNA encoding A␤, suggesting an extracellular A␤ origin (Scott et al., 1993) . Similar findings have also been noted in vitro, where microglia have been shown to scavenge and accumulate A␤ intracellularly (Frackowiak et al., 1992; Shaffer et al., 1995; Ard et al., 1996; Paresce et al., 1996) , whereas astrocytes envelop and wall-off fA␤ (C anning et al., 1993; Pike et al., 1994; DeWitt and Silver, 1996) .
A␤-induced neuronal loss
In the current study, no significant difference in the number of calbindin-immunoreactive projection neurons was observed when comparing fA␤ and sA␤ injection areas and the normal striatum. In the AD striatum, the density of calbindin neurons has been shown previously not to differ significantly from that of normal controls (Selden et al., 1994) . The current findings differ, however, from previous studies that showed a decrease in calbindin immunoreactivity in AD versus normal cortex (Ferrer et al., 1993; Nishiyama et al., 1993) . In contrast, the number of parvalbuminand nNOS-immunoreactive interneurons in the current study is significantly reduced in the fA␤ injection area compared with the sA␤ injection area and the normal striatum. Previous studies have shown that parvalbumin neurons in the rat striatum are more sensitive to excitotoxic injury than are calbindin neurons (Waldvogel et al., 1991) . Although the results of the current study strongly suggest that fA␤ induces a selective loss of neurons in the rat striatum, this effect could also be explained by a selective downregulation of parvalbumin and nNOS in neurons surrounding the injected fA␤. A␤1-40, the peptide length examined in the present study, has also been shown to cause glial-induced inhibition of neurite outgrowth in vitro (Canning et al., 1993) and to reduce numbers of choline acetyltransferase-immunoreactive neurons after injection in vivo (Giovannelli et al., 1995) .
Mechanisms of A␤ toxicity
After injection of fA␤, microglia and astrocytes rapidly separate fA␤ from the surrounding neuropil, suggesting that A␤-induced neurotoxicity may not result from direct contact between A␤ fibrils and surrounding neurons. If fA␤ is not directly toxic to neurons, how might the intervening glia mediate fA␤ toxicity? Recent studies have demonstrated that the receptor for advanced glycation end products (RAGE) and class A and B scavenger receptors on microglia bind A␤, which leads to microglial activation (El Khoury et al., 1996; Paresce et al., 1996; Yan et al., 1996) . Glial activation, in turn, results in enhanced expression of a variety of bioactive molecules, including neurotoxic phenolic amines, cytokines, growth factors, protease inhibitors, adhesion molecules, and nitric oxide (Boje and Arora, 1992; Dickson et al., 1992; Ishii and Haga, 1992; Haga et al., 1993; Giulian et al., 1995; Mrak et al., 1995) . Of particular interest is a recent study (Giulian et al., 1996) showing that human A␤1-40 and A␤1-42, but not rodent A␤, induce microglial adherence of A␤ and killing of neurons in vitro. This finding, together with those of the present study in vivo, underscores the importance of using the human A␤ peptide to induce neuronal toxicity in rodent models of AD.
A␤-induced NOS expression and NO production in cultured microglia and macrophages have also been reported previously (Klegeris et al., 1994; Goodwin et al., 1995; Meda et al., 1995) , and NOS induction has also been linked to neuronal impairment 4 Figure 8 . Injected fA␤ induces a reduction in the number of parvalbumin-and nNOS-but not calbindin-immunoreactive neurons. A-C, Subpopulations of striatal neurons were labeled on separate tissue sections using anti-parvalbumin, anti-nNOS, or anti-calbindin, and on all sections the needle track was double-labeled using anti-GFAP. Numbers of parvalbumin-, nNOS-, and calbindin-immunoreactive neurons are compared over identical areas around sA␤ and fA␤ needle tracks at 30 d after injection and in the normal (noninjected) striatum. A, A significant reduction in the number of parvalbumin-immunoreactive neurons is observed up to 250 m from the margin of the fA␤ injection track relative to the sA␤ injection track and normal striatum. B, In the fA␤ injection area, a significant reduction is also observed in the number of nNOSimmunoreactive neurons up to 125 m from the injection track relative to the sA␤ injection track and normal striatum. C, In contrast, no significant difference in the number of calbindin-immunoreactive neurons is observed when comparing fA␤ and sA␤ injection areas and the normal striatum. (**p Ͻ 0.01; *p Ͻ 0.05) and death in several neurological disorders involving multiple sclerosis and acquired immunodeficiency syndrome dementia (Bo et al., 1994; Adamson et al., 1996) . The present study demonstrates that fA␤ induces neuronal loss and a significant increase in iNOS expression by microglia and astrocytes in vivo, suggesting that it is the release of bioactive molecules like nitric oxide by microglia and astrocytes, rather than direct contact between A␤ fibrils and neurons, that mediates A␤ neurotoxicity in AD. Note, however, that the expression of NOS by human microglia remains controversial, because evidence supporting induction of reactive nitrogen species in human microglia seems strongly dependent on the experimental methodologies used (Brosnan et al., 1994) .
A critical question that must be addressed in examining any animal model of a human disease is how well the animal model mimics the mechanisms and ultimate pathology observed in the human disease. C learly, there are differences between the present rat model and human AD. First, whereas in the present study gliosis and pathology are observed over a time course of 30 d, in human AD the time course is on the order of decades. Second, the amyloid load per unit of brain area is generally higher and the amyloid distribution more extensive in the human AD brain than in our rat model. However, a key difficulty in addressing the mechanisms of pathology in human AD is that one rarely looks at human brain tissue at the initiation of the disease but rather examines the AD brain at the end stage of the disease, long after the initial mechanisms of pathology occur. A major advantage of the present rat model of fA␤-induced gliosis and neurotoxicity is that it provides a time-and space-compressed view of the initial changes that fA␤ induces in the C NS in vivo. Thus, determining how glia serve as intermediaries in the apparent fA␤-induced neurotoxicity observed in the present model should shed significant light on the mechanisms of fA␤-induced neurotoxicity and allow one to test whether therapeutic interventions can block this effect.
